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Design and NMR analyses of compact, independently folded
BBA motifs
Mary Struthers*, Jennifer J Ottesen and Barbara Imperiali
Background: Small folded polypeptide motifs represent highly simplified
systems for theoretical and experimental studies on protein structure and
folding. We have recently reported the design and characterization of a
metal-ion-independent 23-residue peptide with a ββα structure (BBA1), based
on the zinc finger domains. To understand better the determinants of structure
for this small peptide, we investigated the conformational role of the synthetic
residue 3-(1,10-phenanthrol-2-yl)-L-alanine (Fen) in BBA1.
Results: NMR analysis revealed that replacing the Fen residue of peptide
BBA1 by either of the natural amino acids tyrosine (BBA2) or tryptophan
(BBA3) resulted in conformational flexibility in the sheet and loop regions of the
structure. This conformational ambiguity was eliminated in peptides BBA4 and
BBA5 by including charged residues on the exterior of the β hairpin designed
to both select against the undesired fold and stabilize the desired structure. The
evaluation of two additional peptides (BBA6 and BBA7) provided further insight
into the specific involvement of the surface polar residues in the creation of
well-defined structure in BBA4 and BBA5. The sequences of BBA5, BBA6 and
BBA7 include only one non-standard amino acid (D-proline), which constrains a
critical engineered type II′ turn.
Conclusions: Manipulation of residues on the exterior of small ββα motifs has
led to the design of 23-residue polypeptides that adopt a defined tertiary
structure in the absence of synthetic amino acids, increasing the availability and
expanding the potential uses of the BBA motif. The importance of negative
design concepts to the creation of structured polypeptides is also highlighted.
Introduction
Independently folded tertiary structure within a natural
protein or protein domain is generally considered to require
a minimum of 60–100 residues [1–3]. Exceptions to this
limit are found in a variety of proteins, including peptidyl
toxins, protease inhibitors and transcription factor domains.
These proteins typically circumvent this apparent size lim-
itation, however, by incorporating crosslinks that involve
metal-binding sites or disulfide bonds to stabilize a defined
structure. Although many small peptides have been shown
to exhibit appreciable secondary structure, very few of
these exhibit the discrete non-covalent tertiary interactions
that characterize native protein structure in the absence of
crosslinking [4].
One of the main goals of protein design is to generate
small, independently folded, stable peptides for use as
highly simplified systems for theoretical and experimen-
tal studies on the determinants of protein structure and
folding [5]. We have recently reported the design and
characterization of a metal-ion-independent 23-residue
peptide (BBA1) based on the zinc finger domains [6,7].
This motif is particularly interesting because it adopts a
discrete tertiary structure containing all three elements of
secondary structure (α helix, β strand and reverse turn) in
an oligopeptide of very modest size. Since the report of
BBA1, several other laboratories have also successfully
accomplished the miniaturization of protein domains. The
motifs include stable α-helical structures (~35 residues;
[8–10]) and a second metal-ion-independent ββα motif
[11] 28 residues in length. The sequence of this ββα motif
was arrived at using a packing algorithm to guide the
redesign of the hydrophobic core. Of these examples,
BBA1 still remains the smallest polypeptide with defined
tertiary structure.
An important strategy in the experimental approach used
for the design of BBA1 was the exploitation of non-stan-
dard amino acids. Specifically, D-proline was employed
within an engineered type II′ β turn to provide a structural
nucleation element for folding [6,7]. In addition, an unnat-
ural metal-chelating amino acid, 3-(1,10-phenanthrol-2-yl)-
L-alanine (Fen, Figure 1a; [12]) was incorporated as a
spectroscopic reporter to monitor the metal-binding prop-
erties of intermediates in the design process. The metal-
ion-independent structure of BBA1 obviates the need for
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the reporter functionality, suggesting that the use of the
motif would be enhanced by elimination of the unnatural
Fen residue. Analysis of the solution structure of BBA1
did not indicate a direct structural role for the Fen6 resi-
due in the ββα fold. However, the exact contribution of
this unnatural residue to the overall structure of BBA1 had
not been evaluated.
To assess the structural involvement of the Fen residue
and to increase the availability of the motif for future theo-
retical and experimental investigations, derivatives of BBA1
incorporating naturally occurring amino acids as replace-
ments for Fen were investigated. The sequences of the
peptides in this study are illustrated in Figure 1. Surpris-
ingly, the replacement of Fen by tyrosine or tryptophan
resulted in peptides in which the β-hairpin structure was
fluxional. The detailed NMR analysis of these peptides
permitted rational sequence modifications to overcome
this problem. Specifically, the structural ambiguity was
eliminated by inclusion of charged residues at positions 2
and 7, which were intended to both destabilize undesired
conformations and stabilize the target ββα structure. The
role of these residues was further defined by the analysis of
analogs, which include a single charged residue in combi-
nation with a polar but uncharged amino acid at these
key positions. This study provides new guidelines for the
design of sequences that adopt a defined ββα fold and
highlights the power of exploiting negative design concepts
[13] in the creation of structured polypeptides.
Results and discussion
Tyrosine and tryptophan analogs: BBA2 and BBA3
The three-dimensional NMR solution structure of BBA1
revealed a defined β hairpin and α helix, which associate
through a hydrophobic cluster consisting primarily of Tyr1,
Phe8 and Leu14 (Figure 2). The bulk of the Fen sidechain
at position 6 was exposed to solvent and did not appear to
interact with residues in the hydrophobic cluster; all
NOEs between the Fen sidechain protons and other
residues in BBA1 involved either the β protons or protons
on the proximal ring of the phenanthrolyl moiety. Thus, it
was anticipated that the aromatic residues tyrosine and
tryptophan would be conservative substitutions at this
position and the peptides BBA2 and BBA3, with single
Fen6→Tyr and Fen6→Trp substitutions, respectively,
were prepared and evaluated.
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Figure 1
Structural information for BBA peptides.
(a) The structures of the unnatural amino
acids Fen, 3-(1,10-phenanthrol-2-yl)-L-alanine,
and Baa, β-amino-L-alanine. (b) Sequences of
BBA derivatives in this study.
Fen residue replaced with natural aromatic
amino acids Tyr and Trp.
Peptides appear to have fluxional β-hairpin
structure.
Faces of β hairpin defined with polar charged
residues Baa2 and Asp7.
Well-defined tertiary structue established.
BBA4
AcTyr Baa Val DPro Ser Tyr Asp Phe Ser Arg Ser Asp Glu Leu Ala Lys Leu Leu Arg Leu His Ala Gly NH2
BBA2: Xaa = Tyr
BBA3: Xaa = Trp
AcTyr Thr Val DPro Ser Xaa Thr Phe Ser Arg Ser Asp Glu Leu Ala Lys Leu Leu Arg Leu His Ala Gly NH2
BBA5
BBA1
AcTyr Thr Val DPro Ser Fen Thr Phe Ser Arg Ser Asp Glu Leu Ala Lys Leu Leu Arg Leu His Ala Gly NH2
Non-standard Baa2 residue replaced with Arg.
Leu20 replaced with Gln.
Solution structure solved.
β  hairpin loop
AcTyr Arg Val DPro Ser Tyr Asp Phe Ser Arg Ser Asp Glu Leu Ala Lys Leu Leu Arg Gln His Ala Gly NH2
α  helix
BBA6
AcTyr Arg Val DPro Ser Tyr Asn Phe Ser Arg Ser Asp Glu Leu Ala Lys Leu Leu Arg Gln His Ala Gly NH2
BBA7
AcTyr Ser Val DPro Ser Tyr Asp Phe Ser Arg Ser Asp Glu Leu Ala Lys Leu Leu Arg Gln His Ala Gly NH2
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Proton NMR analysis of peptide BBA2 (BBA1 with a
Fen6→Tyr substitution) revealed several spin systems
with exceedingly broad proton resonances (Figure 3).
Broad NMR signals are often observed for proteins in the
‘molten globule’ state, in which tertiary structure is flux-
ional and poorly defined [14]. In this case, broadened
signals were observed only for the residues proximal to
position 6 (Thr7, Phe8, Ser9 and Arg10) rather than for all
residues, as might be expected for a typical molten
globule. Based on this observation, it was anticipated that
substitution at position 6 with a natural amino acid with a
bulkier sidechain, such as tryptophan, would better mimic
the Fen sidechain and therefore potentially ameliorate the
signal broadening. Instead, conformational averaging was
further exacerbated in peptide BBA3 (BBA1 with a Fen6→
Trp mutation) relative to BBA2, as illustrated by the
one-dimensional 1H NMR spectrum (Figure 3). Broad res-
onances were observed for most residues and were particu-
larly extreme for residues 1–12. Thus, it appeared that the
steric bulk of the Fen residue imparted a conformational
rigidity to this region of the peptide that was not dupli-
cated by substitution with the smaller natural aromatic
residues at position 6.
In order to further investigate the structure of peptides
BBA2 and BBA3, a more detailed analysis of the NMR data
was desired. Despite the conformational flexibility implied
by the broad signals, complete sequence specific assign-
ment of peptide BBA2 could be accomplished at a higher
temperature. In contrast, the corresponding spectral data
for BBA3 was not amenable to detailed analysis, even at
higher temperatures, due to the extreme signal broadening
observed. The sequence assignment of BBA2 enabled a
qualitative assessment of the secondary and tertiary struc-
ture of the major conformation adopted by this peptide.
This analysis revealed that NOEs indicative of the desired
α-helical and β-hairpin secondary structures are present for
BBA2. In addition, although some signal broadening and
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Figure 2
The ββα structure of BBA1 [31]. The residues of the hydrophobic
cluster (Tyr1, Phe8, Leu14 and Leu17) and Fen6 are indicated.
Tyr1
Leu14
Phe8 Fen6
Leu17
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Figure 3
One-dimensional NMR spectra of BBA5, BBA4, BBA3 and BBA2. See
text for more details. Spectra were acquired at 7°C in 90% H2O/D2O.
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overlap was observed for the sidechain ring protons of Phe8,
a set of long-range NOEs were identified for the residues
involved in the hydrophobic cluster (Figure 4). The spec-
tral region that encompasses NOEs between aliphatic and
aromatic sidechain protons is particularly diagnostic of ter-
tiary structure in the BBA motifs; aromatic residues (Tyr1,
Tyr6 and Phe8) are exclusively located on the interior face
of the sheet, whereas the key leucine residues (Leu14 and
Leu17) of the hydrophobic cluster are located on the helix.
The observation of these NOEs indicates association of the
α helix and the β hairpin in BBA2 in a manner analogous to
that observed in BBA1. Although some signals are observed
in the corresponding NOESY spectral region for BBA3, the
excessive broadening of these crosspeaks indicates a poorly
defined conformation and significantly increased mobility
of these residues within the hydrophobic core (Figure 4).
Additional analysis of the NOESY spectra of BBA2 sug-
gested a more detailed explanation for the signal broaden-
ing observed in the two derivatives. Although these spectra
did reveal a series of NOEs indicative of the desired sec-
ondary and tertiary structure, several unexpected weak
NOEs were also observed. In the target ββα structure, the
sidechains of the threonine residues at positions 2 and 7
should be solvent exposed on the exterior face of the
β hairpin. However, weak long-range NOEs were observed
involving the β and γ protons of Thr7 and, to a lesser
extent, of Thr2 with the sidechain protons of residues in
the hydrophobic core (Tyr1, Phe8 and Leu14; Figure 4).
These weak NOEs were incompatible with the desired
structure and the other long-range NOEs, implying that
the observed signal broadening for residues 7–10 might be
due to increased flexibility of the β hairpin such that the
Thr7 sidechain is transiently exposed to the interior of the
motif. This region of the peptide may therefore exist in a
conformational flux between the desired extended sheet-
like conformation and a more twisted geometry. The
inability to obtain detailed structural information on unsuc-
cessful design intermediates can limit the scope of rational
structure-based design efforts [14]. The small size of the
BBA motif even facilitates structural analysis of ‘unsuccess-
ful’ designs such as BBA2, enabling the rational selection
of sequence modifications for future constructs.
The CD signatures of BBA2 and BBA3 resembled that of
BBA1 and were invariant with peptide concentrations
between 50 µM and 1 mM (Figure 5), strongly suggesting
that these peptides do not aggregate in water over the
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BBA2 BBA3 BBA4
Long-range NOEs indicative of tertiary interaction in NOESY spectra of peptides BBA2 (17°C, 90% H2O/D2O), BBA3 (7°C, H2O), and BBA4
(7°C, 90% H2O/D2O).
concentration ranges studied. Although BBA2 appears to
have a qualitatively similar structure to that of BBA1, the
peptide may exist as a mixture of two or more closely
related structures, which interconvert on a timescale that
approximates that of the NMR experiments.
Eliminating conformational flux in the βb hairpin
The analysis of BBA2 prompted modifications in the
primary sequence to compensate for the loss of the con-
formational rigidity afforded by Fen6. In other studies,
the systematic incorporation of ionizable amino acids has
been successfully used to stabilize secondary structure in
α helices, β sheets and reverse turns [15–18]. Similarly,
model studies from this laboratory have demonstrated
that incorporation of β-amino-L-alanine (Baa, a shorter
homologue of lysine; Figure 1a) and aspartic acid on
opposite strands of a designed β hairpin can be used to
promote the desired topology [19]. With these observa-
tions in mind, it was anticipated that the incorporation of
complementary charged groups at positions 2 and 7 on
the solvent-exposed face of the β hairpin of the BBA motif
could stabilize the desired ββα structure by creating favor-
able inter-strand electrostatic interactions. In addition, such
modifications could potentially destabilize any twisted con-
formations that orient these sidechains towards the hydro-
phobic interior. Thus, Tyr6 was retained in BBA4 and the
positively charged Baa2 was paired with the negatively
charged Asp7 on opposite strands of the β hairpin.
Both one-dimensional and two-dimensional 1H NMR
analysis of BBA4 demonstrated an absence of spectral line
broadening (Figure 3), suggesting that the peptide adopted
a single conformation. In addition, NOEs indicating the
desired secondary and tertiary structure (Figure 4) were
observed, whereas NOEs suggestive of the ‘twisted’ β-hair-
pin conformation observed for BBA2 were absent for BBA4.
An α helix at residues 13–21 was identified by the observa-
tion of sequential dαN(i,i+3) and dαβ(i,i+3) NOEs. Theβ-hairpin structure was confirmed by observation of the
dαα(Baa2, Asp7) cross-strand NOE and several sidechain–
backbone NOEs. A number of long-range NOEs indicated
the presence of the desired tertiary structure. Specifically,
interactions between protons in the sidechain of residues in
the helix (Leu14, Ala15, Leu17 and Leu18) and residues in
the sheet (Tyr1, Tyr6, Phe8 and Val3) were observed
(Figure 4). Although some signal degeneracy between Tyr1
and Tyr6 and between Leu14 and Leu18 sidechain protons
prevented unambiguous assignment of several important
long-range NOEs, the NMR data established a defined
ββα fold. CD analysis of BBA4 was also consistent with an
overall structure similar to that observed for BBA1 and
BBA2 (Figure 5).
Towards a natural sequence
In order to increase the applicability of the BBA template
to future protein design efforts and to verify the generality
of the design rationale, substitution of Baa with a standard
amino acid was desired. In BBA5, Baa2 in the BBA4
sequence was replaced with the natural amino acid argi-
nine. This residue replacement maintained both the polar
nature of position 2 and the potential electrostatic interac-
tions across the β hairpin. In addition, Leu20 was replaced
with glutamine in peptide BBA5 to reduce sequence degen-
eracy. The sidechain of Leu20 is solvent exposed in both
the BBA1 and BBA4 structures, and therefore the glutamine
substitution was not anticipated to perturb the fold.
Analysis of the spectra for BBA5 indicates that the confor-
mational rigidity observed for BBA4 was maintained in
BBA5, as reflected by the lack of signal broadening in the
one-dimensional and TOCSY 1H NMR spectra (Figure 3).
In addition, some of the signal degeneracy present in the
spectra of BBA4, most notably between the two tyrosine
rings, was not observed for peptide BBA5. Several long-
range inter-strand NOEs were visible for residues in the
β-hairpin region and distinctive NOEs defining a helical
region for residues 13–20 were identified (Figure 6).
NOEs indicative of the desired tertiary structure are also
present in the NOESY spectra of BBA5 (Figure 7).
NOE-restrained simulated annealing (SA) analysis reveals
that BBA5 adopts a well-defined supersecondary struc-
ture. A total of 347 inter-proton distance restraints, gener-
ated from 432 NOEs, were used in an NOE-restrained SA
protocol to generate 25 structures. All of these structures
converged to a common ββα fold (Figure 8). The average
rms deviation for these structures relative to the average
structure was 0.50 ± 0.11 Å for backbone atoms and
1.15 ± 0.09 Å for all heavy atoms. A β-hairpin-like confor-
mation is observed for residues 1–8, although the dihedral
angles for this region are slightly distorted from ideal 
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Figure 5
CD spectra of peptides BBA2, BBA3, BBA4 and BBA5 (100 µM
peptide, 10 mM acetate, pH 4.5).
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β-sheet values. The majority of the structures exhibit
sequential helix dihedral angles from residues 13–21.
The CD signature of BBA5 was qualitatively similar to
that observed for the previous designs and did not change 
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Figure 6
Summary of NOEs indicative of secondary
structure for peptide BBA5. The width of the
lines represents the relative intensities of the
NOEs. Data were obtained from a NOESY
experiment (300 ms) acquired at 7°C. 
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BBA5 BBA6 BBA7
Long-range NOEs indicative of tertiary interaction in NOESY spectra of peptides BBA5, BBA6 and BBA7 (7°C, 90% H2O/D2O).
with peptide concentration (Figure 5). Differences in the
relative magnitude of the CD signal between the various
peptide constructs may be partially due to differences in
the conformation of the flexible loop region. Furthermore,
the differences in CD spectra of similarly structured pep-
tides such as BBA4 and BBA5, as well as our previous
work with ββα peptides [7], demonstrate that CD spec-
troscopy, when used to compare different peptides, may
not provide a reliable quantitative indication of the degree
of tertiary structure in mixed α/β motifs for which the CD
signature is dominated by the contribution from helical
regions. The CD signature of each individual peptide
should, however, still reflect any potential changes in
conformation due to increasing concentration and should
therefore be a useful indicator of aggregation state.
Contribution of charged residues to a βbβbαa fold
Reproduction of the ββα fold in BBA4 and BBA5 indi-
cated that the placement of charged groups on the outer
face of the β hairpin could successfully replace the con-
formational rigidity originally afforded by the Fen resi-
due. In order to probe the contribution of the putative
salt bridge in the successful designs, two additional pep-
tides were investigated. These peptide sequences
matched that of BBA5 with only single residue substitu-
tions on the outer face of the β hairpin. In BBA6, Asp7
was replaced with the polar neutral analog asparagine and
peptide BBA7 included only a serine replacement for
Arg2. 1H NMR analysis of these constructs showed the
hallmarks of a discretely folded motif consisting of a
single conformation, as indicated by the absence of sig-
nal broadening in the NOESY (Figure 7) and TOCSY
spectra. The diagnostic regions of the NOESY spectra of
BBA5, BBA6 and BBA7 are remarkably similar, including
NOEs indicative of the desired tertiary structure. In addi-
tion, NOEs analogous to those observed for BBA2,
indicative of the undesired ‘twisted’ conformation, were
absent for these peptides. Thus, the most important con-
tribution of charged or polar amino acids at positions 2 and
7 appears to be the destabilization of the undesired confor-
mation observed in BBA2, in which these residues interact
with the hydrophobic core rather than for the provision of
a stabilizing salt bridge across the hairpin.
Comparison of BBA1 and BBA5
The solution structure of BBA5 was compared with that
previously reported for BBA1 (Figure 8). The ‘clamshell’
angle, which is the angle between the plane of the β hair-
pin and the axis of the α helix, was not significantly altered
in BBA5. However, the tilt of the plane of the sheet rela-
tive to the helix differed between peptides BBA1 and
BBA5 and was accompanied by changes in the backbone
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Figure 8
Side-by-side comparison of 10 lowest energy structures for (a) BBA1
and (b) BBA5. The sidechains of the hydrophobic cluster are
displayed (grey). The BBA5 structures were generated by an
NOE-restrained simulated annealing protocol, which produced 25
structures with an rms deviation from the average structure of
0.50 ± 0.11 Å for all backbone atoms. (c) An overlay of BBA1 (purple)
and BBA5 (blue) based on the helix residues 14–20 is shown.
conformation of the loop region. Several sidechains of the
hydrophobic cluster, in particular Fen6/Tyr6, Phe8, Leu14
and Leu17, maintained similar relative orientations bet-
ween the two structures despite the changes in the main-
chain conformation. This emphasizes that although the
clamshell angle is primarily determined by the hydro-
phobic association between the residues of the helix and
the sheet, which is similar in both peptides, the relative tilt
of the sheet may be more sensitive to sequence changes in
the hairpin region.
Summary
In an effort to define the rules for generating small
folded BBA motifs, we found that the Fen residue
played an unexpected role in stabilizing the structure of
BBA1. Replacement of Fen with either tyrosine or tryp-
tophan resulted in conformational averaging, indicative
of a poorly defined structure in the β hairpin and loop
regions. But the detailed NMR analysis of these design
intermediates suggested sequence modifications involv-
ing residues located exclusively on the exterior of the
motif. These sequence adjustments resulted in defined
structures for peptides BBA4 and BBA5. The sequences
of these peptides included charged residues at key posi-
tions (2 and 7), intended to both destabilize undesired
conformations and stabilize the target motif. The specific
role of these residues was further probed in peptides
BBA6 and BBA7, revealing that the destabilizing effect
of these sequence modifications on the undesired confor-
mation is sufficient to maintain the ββα fold and prevent
the conformational averaging observed for BBA2. Other
design efforts have demonstrated the usefulness of polar
residues to eliminate conformational averaging and supply
specificity in helical systems by the inclusion of such
residues either within the hydrophobic core of the target
molecule or at the hydrophobic interface between helical
subunits [20–23]. In comparison, our work highlights the
importance of polar residues in fully solvent-exposed
positions to the exploitation of negative design concepts
for the construction of structured peptides.
The development of BBA5 illustrates the potential of
structure-based design using analysis methods such as
NMR to supply detailed information on design interme-
diates and to guide future efforts. BBA5 contains only
one non-standard amino acid, D-Pro4, which constrains a
heterochiral type II′ β turn. The solution structure of
BBA5 demonstrates that defined tertiary structure can be
achieved within a 23-residue peptide in the absence of
unnatural synthetic residues and lays the foundation for
the design of BBA derivatives consisting entirely of
encoded amino acids. Development of a structured motif
consisting solely of readily available amino acids expands
the availability of the BBA template for theoretical and
experimental studies and enables its future elaboration
into functional constructs.
Materials and methods
Peptide synthesis and purification
Peptides were synthesized by solid phase methods using N-9-fluorenyl-
methyloxycarbonyl (Fmoc) amino acid pentafluorophenyl esters on a
Milligen 9050 automated peptide synthesizer. Commercially available
starting materials and reagents were purchased from Milligen Biosearch,
EM Science, and Aldrich Chemical Company. Fmoc-PAL-PEG-PS resin
(substitution 0.17–0.21 mmol/g) was used to afford C-terminal primary
amides. Peptides were N-acylated on the resin using 7 equivalents of
acetic anhydride and 7 equivalents of triethylamine in 3 ml of DMF for
2 h. Peptides were deprotected and cleaved from the resin by treatment
with Reagent K [24] (trifluoroacetic acid/phenol/H2O/thioanisole/ethane-
dithiol, 82.5:5:5:5:2.5) for 2 h. For peptide BBA3 the cleavage solution
was sparged briefly with nitrogen before addition to the resin and the
reaction mixture was blanketed with nitrogen. The cleavage solution was
concentrated prior to precipitation with 1:1 ether/hexane for peptides
BBA2, BBA3 and BBA4 or with 2:1 ether/hexane for peptide BBA5.
Lyophilization from water then afforded the crude peptide. The peptides
were purified by reverse phase HPLC on a C18 preparative (250 ×
120 mm inner diameter) column using a water/acetonitrile (0.1% tri-
fluroacetic acid) solvent system. Peptide purity was confirmed by analyti-
cal HPLC and/or capillary zone electrophoresis (CZE). The identity of all
peptides was confirmed by electrospray mass spectroscopy: BBA2 calc.
2666.0, obs. 2666.1; BBA3 calc. 2689.1, obs. 2688.8; BBA4 calc.
2665.1, obs. 2665.0; BBA5, calc. 2750, obs. 2750; BBA6, calc. 2749,
obs. 2749; BBA7, calc. 2681, obs. 2681; (BBA2 contained an impurity
which consisted of 6.6% of the total peak area on an HPLC analysis of
the purified NMR sample).
NMR acquisition and analysis
Two-dimensional 1H NMR spectra of BBA2 (7.4 mM), BBA3 (7.2 mM),
BBA4 (8.0 mM), BBA5 (7.8 mM), BBA6 (7.7 mM), and BBA7 (10.4 mM)
were obtained in 90:10 H2O/D2O and/or 99.98% D2O at 7°C, 17°C, or
25°C on a Varian 600 MHz Unity Plus instrument. All samples were
unbuffered and the pH was adjusted to pH 4.5 with small additions of
acid (HCl) or base (NaOH). Complete sequence specific assignments
for backbone and sidechain protons were determined using a combina-
tion of total correlation spectroscopy (TOCSY [25]; mixing times
15 ms and 70 ms), double-quantum filtered correlation spectroscopy
(DQF-COSY [26]), and nuclear Overhauser enhancement spectroscopy
(NOESY [27]) for all peptides. Assignment of secondary and tertiary
structure for both BBA2 and BBA4 was accomplished by observation of
NOEs in NOESY spectra with 50 ms, 100 ms, 200 ms and 300 ms
mixing times. NOESY spectra for BBA5 were acquired with mixing times
of 50 ms, 100 ms, 175 ms and 250 ms. In the case of BBA2, complete
data was obtained at both 7°C and 17°C). Rotating-frame nuclear Over-
hauser effect spectroscopy (ROESY; [28]) was used to aid in the identi-
fication of spin diffusion contribution to crosspeaks for peptides BBA4
and BBA5. Suppression of the water signal was accomplished by pre-
saturation during the relaxation delay (1.5 s). All spectra were processed
using Felix95 software (Biosym, San Diego, CA, USA) and NOESY
spectra were baseline corrected.
Structure determination
Distance restraints were calculated from the experimental NOE cross-
peaks. Crosspeak volumes were measured at NOESY mixing times of
50 ms, 100 ms, 200 ms and 300 ms for BBA4 and 50 ms, 100 ms,
175 ms and 250 ms for BBA5. Second order curve fits were generated,
then calibrated to intra-residue dββ crosspeaks at 1.77 Å. Restraints
were sorted into strong (1.0–2.5 Å), medium (1.8–3.5 Å), and weak
(1.8–5.0 Å) distance bins. The volume buildups of weak peaks were
individually examined and the weakest NOEs were manually classified
as ‘very weak’ (1.8–5.5 Å). A maximum force constant of 25 kcal/mol Å2
was applied to all NOE distance restraints. Standard pseudoatom cor-
rections were applied to the upper bound of the distance restraints for
non-spectroscopically differentiable protons [29]. If protons were differ-
entiable but not stereospecifically assigned, pseudoatoms were gener-
ated and a standard pseudoatom correction was applied. If restraints
existed to both protons of a pair then no correction was applied, but the
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distance to the pseudoatom was geometrically extrapolated. Structures
were generated using NMRchitect (Biosym). Dihedral restraints were
incorporated to enforce the planarity of the amide bonds.
CD spectroscopy
CD spectra were recorded on a Jasco J600 CD spectrometer at room
temperature. The concentration of the peptide solutions were deter-
mined by dilution of a stock solution, for which the concentration was
determined spectrophotometrically in 6 M GdnHCl [30] as well as by
quantitative amino acid analysis. Spectra were taken in a 0.01 cm cell
(250 µM–1 mM peptide), a 0.1 cm cell (50–250 µM peptide), or a 1 cm
cell (10–50 µM peptide) in 10 mM acetate buffer at pH 4.5.
Supplementary material
The amide fingerprint region of the TOCSY spectra for all peptides dis-
cussed and sections of the NOESY spectra for BBA4, BBA6 and BBA7
are published with this paper on the internet.
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S1Supplementary material
Figure S1
Alpha-amide fingerprint regions of BBA2 TOCSY spectra, acquired in
90% H2O/D2O at 7°C and 17°C.
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Figure S2
Alpha-amide fingerprint regions of BBA3 TOCSY spectra, acquired in
90% H2O/D2O at 7°C and 25°C.
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Figure S3
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Alpha-amide fingerprint regions of BBA4, BBA5, BBA6 and BBA7 TOCSY spectra, acquired in 90% H2O/D2O at 7°C.
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Regions of NOESY spectra illustrating the lack of NOEs between the
β protons of residues 2 and 7 and the aromatic sidechains of the
hydrophobic core. For peptides BBA4 and BBA7, the areas in which
these crosspeaks would appear are enclosed. For peptide BBA6, the
intra-residue crosspeaks for Asn7 and Arg2 are labeled; further
crosspeaks to these protons are conspicuously absent.
